We present a sample of 30 wide angle tailed radio galaxies (WATs) that we use to constrain the jet speeds in these sources. We measure the distribution of jet-sidedness ratios for the sample, and assuming that the jets are beamed, jet speeds in the range (0.3-0.7)c are obtained. Whilst the core prominence of the sample, which ought to be a reliable indicator of beaming, shows little correlation with the jet-sidedness, we argue that due to the peculiar nature of WATs coreprominence is unlikely to be a good indicator of beaming in these sources. We further show that if the jets are fast and light, then the galaxy speeds required to bend jets into C-shapes such as those seen in 0647+693 are reasonable for a galaxy in a merging or recently merged cluster.
INTRODUCTION
Usually classified as FRI sources (Fanaroff & Riley 1974) , wide angle tailed radio galaxies (WATs) are now thought to be an interesting hybrid of both FRI and FRII morphologies; they exhibit well collimated inner jets, which flare suddenly into diffuse plumes. These jets, which typically extend for tens of kiloparsecs and often terminate in compact radio-bright features similar to the hotspots of FRII sources (Hardcastle & Sakelliou 2004) , appear superficially similar to the longer jets seen in FRII sources, whereas the diffuse plumes resemble more those found in FRI sources. The causes of the sudden jet flaring have been explored in detail in Jetha et al. (2005) , where we note that the transition from a cooler core of Xray emitting gas to a hotter, extended intra-cluster medium (ICM) co-incides with the jet flaring. However, as noted in our conclusions, there is uncertainty as to the nature of the jets; FRII jets are in general tightly collimated, and have moderate to high jet speeds (e.g. Hardcastle et al. 1999) , whereas FRI jets tend to have large opening angles and also tend to be slower than FRII jets (e.g. Laing et al. 1999) . Whilst jets in WATs superficially look like those of FRII sources, in that WAT jets tend to be well collimated, and have polarisation structures that resemble those found in FRII sources (Hardcastle & Sakelliou 2004) , it is unclear whether their speeds resemble those of FRII sources or FRI sources. Establishing the nature of the WAT jets would allow us to establish whether WATs are failed FRIIs (Hardcastle 1999) , or if they are a different sort of radio source altogether. Further, understanding the nature of the jets may help to explain the dynamics of the jets in clusters, in particular why the jets flare suddenly, and the relationship between jet length and the cluster environment.
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The question of WAT jet speeds has been investigated before by O'Donoghue et al. (1990) , who use a Monte Carlo analysis of a sample of 10 WAT sources to obtain a jet speed of 0.2c. Hardcastle & Sakelliou (2004) also address the issue of speeds in WAT jets, and obtain jet speeds of 0.3c. In both cases, the sources chosen for the samples investigated tend to exhibit two sided jets and this may have biased the results in the direction of reduced beaming effects and lower jet speeds.
In this paper, we use a larger sample of WATs, drawn from the catalogue of Abell clusters of Owen & Ledlow (1997) , to better constrain the jet speed in WATs. We describe our sample selection procedure and data in Section 2; in Section 3, we discuss how we infer jet speeds from our data, and the speeds inferred; and in Section 4, we discuss the implications of this result. Throughout the paper, we assume that H0=70 km s −1 Mpc −1 and use J2000 coordinates.
SAMPLE SELECTION AND OBSERVATIONS
An initial sample of 67 sources was selected from the maps of the Owen & Ledlow (1997) 21-cm survey of Abell clusters. Our selection criteria were that a source had to be included in the Owen & Ledlow (1997) sample, and that there had to be evidence of the possibility of there being two well collimated jets, which was inferred from the existence of two bright plume bases aligned with the core, and lying approximately equidistant from the core. Sources with very one-sided jets were not excluded from the sample, and no account was taken of the distance of the source from the cluster centre. Sources where the inner jets are very bent, like 0647+693 (see Hardcastle & Sakelliou 2004) were not excluded from the sample. Well known WAT objects, such as Hydra A, which Figure 1 . The jet sidedness ratios of the sources in our sample plotted against S 1400 (taken from Owen & Ledlow 1997) . The filled points represent actual jet detections, whilst the arrows show lower limits on the sidedness ratio.
were excluded from the Owen & Ledlow (1997) sample, were also excluded from this sample to keep our sample homogeneous. The VLA data archive was then searched for high frequency, high resolution data for the sample objects. In cases where no archival data of the quality required were available, 8-GHz VLA observations were requested, and the sources were observed as part of this study. Those sources are marked in Table 1 , and details of these observations and unpublished radio maps, both from the new observations and archival data, are presented in Appendix A. None of the radio sources observed by ourselves was excluded from the WAT sample; they all exhibited WAT morphology; however, two of the sources were excluded from this analysis, as the jets were not detected.
The data for all 67 candidate sources (both archival and our own observations) were reduced in AIPS in the standard way. After examination of the more detailed images provided by this process, sources that did not exhibit WAT morphology were excluded from the sample. We excluded 33 sources from the sample for this reason, and a further 4 (including the two from our own observations) were excluded from this analysis due to there not being enough information in the current maps to define the straight parts of the jets, resulting in a sample of 30 sources, which is presented in Table 1 and Fig 1. For each source the core flux was measured using the AIPS task JMFIT. The jet and counter-jet fluxes, which form the basis of the jet speed estimate, were also measured, using a combination of AIPS scripts that rotate the radio image so that the jets are horizontal, and allow the straight part of the jet and corresponding counter-jet regions to be defined, before the flux in those regions is measured, and corrected for the background. An error for the jet/counter-jet ratio was calculated by estimating the off source noise (in mJy/beam) for the jet and counter-jet, and multiplying by the square root of the number of beams in the jet and counter-jet regions. The errors on the jet and counter-jet fluxes were then combined together in the usual way to obtain an error on the jet/counterjet ratio.
ESTIMATING THE JET SPEED AND MODELLING INTRINSIC SIDEDNESS
The jet part of the radio source can be modelled as two anti-parallel streams of plasma being emitted from the core of the radio source. The jets are inclined at some random angle θ to the line of sight; one jet travels towards the observer, the other travels away from the observer. Since the bulk velocity of the jet is relativistic, the flux of the jet moving towards us will be brightened via Doppler boosting, whereas the jet moving away from from the observer will have its flux suppressed by a similar mechanism. For a jet travelling at a speed v = βc, the relationship between the rest frame flux S0 (ν) and the Doppler boosted observed flux, S (ν) is given by
where γ is the Lorentz factor, γ = (1 − β 2 ) −1/2 . Since Eqn. 1 can be applied equally to the jet and counter-jet, the jet/counter-jet ratio R, for a single source can place a constraint on β cos θ. R is given by (Lind & Blandford 1985) :
Here, k is the ratio between the rest frame jet and counter-jet flux; it is generally thought to be approximately unity, but can be varied to represent intrinsic variations in jet sidedness. The spectral index α is a measure of how the flux of the jet varies with frequency, and is defined such that S(ν) ∝ ν −α . For the jets that are being dealt with here, we take α = 0.5.
Assuming that the sources are randomly distributed over θ, a model distribution of R can be generated for given values of β and k, which can be compared with the observed distribution to obtain the most likely value for β in WATs.
We use a Monte Carlo technique to generate a distribution of jet sidedness ratios for given values of β and parameters affecting the intrinsic sidedness. This is then compared with the observed distribution to determine the values of the input parameters that maximize the likelihood. Rather than sampling a grid over all of parameter space, which can be computationally intensive, we use a Markov-Chain Monte Carlo (MCMC) algorithm to choose the model parameters to investigate. The implementation of the MCMC algorithm is the METRO sampler discussed by Hobson & Baldwin (2004) , kindly provided by Mike Hobson. After an initial burn-in period to allow the Markov chain to converge, sets of model parameters are drawn from the chain, so that the highest-likelihood regions of parameter space are also the best sampled. The use of this algorithm to determine jet speeds will be discussed in more detail by Mullin et al. (prep) .
It is usually assumed that there is no intrinsic difference between the two jets, i.e. k is unity. However, the physical conditions in both jet and counter-jet are unlikely to be identical, and this will lead to some intrinsic sidedness between the jet and counter-jet. Initially, we consider the case where the jet and counter-jet are symmetrical, and constrain the beaming speed β on the assumption that all of the observed sidedness distribution can be explained by beaming. We then relax this assumption, and simulate the case where some intrinsic asymmetry exists between the jet and counterjet.
Our simulated sidedness data are constructed by generating different samples of jet/counter-jet pairs, with each sample having a different β, and equal rest frame fluxes for each jet/counter-jet pair. The angle that the jets make with the line of sight, θ is generated NOTES: * We were unable to detect the core. 1 The jet and counter-jet fluxes were measured at 8.5 GHz . When measurements at 8.5 GHz were not available, measurements were made at other frequencies, and values for the jet fluxes were corrected assuming α=0.5 and S (ν) ∝ ν −α . Redshifts and 1.4 GHz fluxes were obtained from Ledlow & Owen (1995) , and Owen & Ledlow (1997) respectively, except for the flux of 3C40, which was measured from our new radio map. Sources marked with a † were new observations for the purposes of this study.
randomly, in line with our assumption that there is no preferential angle. As can be seen from Table 1 , some of our sample have only lower limits on the jet sidedness. This is taken into account in the fitting code by assigning a likelihood to the limit, such that the data point could take any value of sidedness in the parameter space that is greater than the limit. When intrinsic sidedness is introduced, each jet and counter-jet in a given sample has a different rest frame flux, but the same β. The rest frame flux is drawn from a truncated Gaussian distribution, centred on unity, and the width of the distribution (σ) is determined from the data. Thus, k is determined from the ratio of two truncated Gaussian distributions. The beamed sidedness distribution that is generated is then compared with the actual data, using a maximum likelihood method to determine which simulated sample best matches the observed distribution.
Modelling jets with beaming only
We initially modelled the case that the sidedness distribution was caused by beaming alone. The width of the Gaussian describing the intrinsic sidedness was set to zero, such that k in Eqn. 1 was unity. This gave a value of jet speed that created a sample which best matched the observed distribution. This jet speed was then used to generate synthetic samples firstly in order to act as a check that the code was fitting the observed distribution correctly, and secondly to obtain a measure of the dispersion in the obtained value of the jet speed, which gives us an estimate of the uncertainty on the fitted parameters.
Using this method, a mean jet speed and dispersion of β = 0.60 ± 0.02 was obtained for simulated data samples obtained as described above, assuming that beaming is the sole determinant of the observed sidedness distribution, and that the jet speed found by the MCMC algorithm holds exactly for all sources. Thus, any imperfections in the real data, such as intrinsic scatter, are not taken into account. We discuss the addition of intrinsic sidedness in Section 3.2. The simulated sample and real data are shown overplotted in Fig. 2(a) .
Including the intrinsic sidedness
We modelled the jets as described in Section 3.1, but allowed values of k to be drawn from the ratio of two truncated Gaussian distributions of full width half maximum (FWHM) derived from the data. Fitting the data as above, we obtained a jet speed of β = 0.5 ± 0.2 with the best-fitting σ of the Gaussians from which k was drawn equal to 0.4±0.2. The errors quoted here are derived from simula- Fig. (a) includes no intrinsic sidedness and uses a best fit jet speed of (0.60±0.02)c. Fig. (b) shows the results of including some intrinsic sidedness in the distribution, with a best fitting β = 0.5 ± 0.2, as described in the text.
tions as in Section 3.1. The data and simulated sample are shown in Fig. 2(b) .
DISCUSSION

Are WAT jets beamed?
The jet speeds with no intrinsic scatter for WAT sources obtained by Hardcastle & Sakelliou (2004) and O'Donoghue et al. (1990) are lower than found here (but within our errors), but the sample used here is larger, and we have not preferentially selected sources with jet sidedness close to unity; inadvertent selection of sources with sidedness values close to unity has hampered previous studies.
Comparing our results to jet speeds obtained for both FRI and FRII type sources, it appears that the jet speed results presented here for The unshaded areas show regions of the parameter space that were not sampled, as they were not expected to yield sensible fits. There is very little difference between the likelihood of a model with some intrinsic scatter and some beaming, and one with less beaming where intrinsic sidedness determines the distribution. For clarity, whilst the actual parameter space investigated is larger than that shown, we restrict this plot to the region of parameter space with σ < 0.5 and β < 0.8.
WAT sources are consistent with mean jet speeds found for FRI radio sources, at the points where FRI jets flare ((0.54 ± 0.03) c (Arshakian & Longair 2004 , and references therein)). Using different samples and analysis methods, Arshakian & Longair (2004) , Hardcastle et al. (1999) and Wardle & Aaron (1997) find speeds in FRII jets in the range 0.5 − 0.7c, which are also consistent with the jet speeds found in WATs.
There is however, a fundamental degeneracy between the beaming speed and intrinsic scatter, since we cannot, a priori, rule out a model that contains no beaming, but has just the right amount of intrinsic sidedness to reproduce the observed distribution. However, since models with and without intrinsic scatter require some beaming, it is likely that jets in WATs are at least mildly relativistic, with the beaming speed obtained in this study being an upper limit, as intrinsic sidedness reduces the required beaming speed. Orr & Browne (1982) show that as the core of a radio galaxy is essentially the unresolved bases of the two relativistic jets, the radio core should show some evidence for beaming; the core prominence distribution for a sample of sources, i.e. the distribution of the ratios of the flux of the beamed core to the flux from the unbeamed components, should be dependent on the jet speed. Therefore, as the jet sidedness distribution is also a function of jet speed, jet sidedness and core prominence should show some correlation. However, a plot of these two quantities (Fig. 4) shows at best a weak correlation. It would appear that despite the jet speeds found in Sections 3.1 and 3.2, the cores in these sources show only marginal evidence for beaming. This could simply indicate that core prominence is not a good indicator of beaming in these sources, as the jet sidedness ratios do indicate that at least some relativistic beaming is present.
The use of core prominence as a beaming indicator relies on the hypothesis that the beamed and unbeamed components of a radio source are always identical; the only difference between different radio sources is the angle that the jets make with the line of sight. If this is not the case, then there will be scatter in the relationship between jet-sidedness and core prominence, as they will not be measuring the same thing. The extended emission in WATs should be dominated by old material flowing down the lobes. Therefore, we expect that the ratio of the unbeamed to the beamed flux of a given source will depend on the age of the source, weakening the relationship between core prominence and jet sidedness, as an older source may still be beamed, but due to a large amount of old material in the lobes, have a small core prominence. This age dependence of unbeamed flux, combined with the scatter in jet speed, could lead to the core prominence being an unreliable indicator of beaming in WAT sources.
Given that some WAT sources exhibit hotspot like features (Hardcastle & Sakelliou 2004) , it would be surprising if at least some relativistic beaming were not responsible for the observed sidedness distribution. If the hotspots in WATS are analogous to FRII hotspots, this implies that WAT hotspots are jet termination shocks. If that is the case, then the hotspots indicate that the jet is faster than the internal sound speed (c/ √ 3 for a relativistic plasma). Since hotspots are not a universal feature of WATs, it would appear that the jet speed in WATs could be approximately the internal sound speed of the jets (compare 0.60 ± 0.02c above for jets with no intrinsic variance, with 0.58c as the internal sound speed in a relativistic plasma), with intrinsic variation in the jet speed accounting for the presence or absence of hotspots. If this is the case, then it would be expected that approximately half of the sources in the sample would show hotspots, and half would not. As high resolution data is required in order to ascertain the presence of a hotspot, the Hardcastle & Sakelliou (2004) sample, which is a subsample of the one presented in this paper, was examined to obtain the proportion of plumes with and without hotspots. A plume was categorised as having a hotspot if it contained a bright, compact structure, coincident with the termination point of a jet. If there was bright, compact structure in the plume, but the end of the jet could not be traced into the plume, the region was classified as a possible hotspot. In that sample we find that 5 plumes contain definite hotspots, 5 plumes do not contain hotspots, and 4 plumes contain bright, reasonably compact structures in the plumes, that could be associated with jet termination (possible hotspots). This is consistent with the suggestion that intrinsic variation in speed could account for the presence or absence of hotspots in WAT sources.
Jet bending in WATs
As seen in Hardcastle & Sakelliou (2004) , most WAT jets show some slight bending of the jets. It can be argued that very light, very relativistic jets should be 'stiff' and resistant to bending, requiring unreasonably high host galaxy speeds. However, if the jets are moderately relativistic, as has been argued in Section 4.1, then more reasonable galaxy speeds should be required, provided that the jets are light. Following the discussion of jet bending in Hardcastle et al. (2005) , an estimate of the maximum velocity of the host galaxy can be made. We use Euler's equation in the form (e.g. O'Dea 1985) where ρj is the density of the jet, vj is the speed of the jet, R is the radius of curvature of the jet, ρext is the density of the inter-galactic medium, and hj is the width of the jet. We assume a jet speed of 0.6c, and as in Hardcastle et al. (2005) we take the minimum equivalent external density to be given by ρj = 3pmin/c 2 where pmin is the minimum internal pressure of the jet. Using a proton number density (np) of 1500 m −3 , and the minimum internal pressure of the jet to be 3 × 10 −12 Pa (from Hardcastle et al. 2005 ), a galaxy speed of 140 km s −1 is needed to produce a bend in the jet of 3C465 of one jet width, which is the most that the jets in 3C465 appear to bend over their lengths. This galaxy speed is plausible for a large central galaxy sitting in the centre of X-ray emission from a cluster, as 3C465 does, and given that the estimate of ρj is a lower limit, it seems likely that small scale jet bending can occur in WATs in clusters, if the jet is light.
In addition to WAT sources that have mainly straight jets, with only small bends, there is also a class of radio galaxies that whilst exhibiting classical WAT morphology, also have extremely bent inner jets; the best example of this class of source is 0647+693 (Hardcastle & Sakelliou 2004) , but other sources with a similar morphology are shown in Appendix A (e.g. 2151+085). If the jet speeds are as fast as we have deduced here, and we assume that, as in 3C465 above, the jet bending is caused by the bulk motions of the host galaxy through the IGM, we can ask whether the galaxy velocity is plausible for a galaxy sitting at or near the centre of a cluster.
To induce bending of the scale seen in 0647+693, where the distance from the core to the base of the plume is 30 arcsec (Hardcastle & Sakelliou 2004) , and the jet bends by 20 arcsec over the length of the jet, higher speeds are required. Assuming that the jets in 0647+693 have a similar density to those in 3C465, and that the cluster environment of 0647+693 is similar to that of 2236-176 (Jetha et al. 2005) as the temperatures are reasonably similar, the electron number density (ne) at the base of the plume in 0647+693 (30 kpcfrom the radio core) is approximately 1500 m −3 . Further assuming that the proton number density, ne = 1.18np, an external density at the base of the plumes of 2.13 × 10 −24 kg m −3 is obtained. Assuming that hj ∼ 1 arcsec, the jet bends by approxi-mately 20 jet widths before the jet enters the base of the plume. Using Eqn. 3, a galaxy speed of 870 km s −1 is needed to bend the jets on the scales seen. This velocity is rather high for a galaxy near the centre of a cluster, but, if the cluster had undergone a recent merger event, this velocity would certainly be plausible, suggesting that WATs with bent jets could be tracing a recent cluster merger event.
The velocities required to bend the jets also provide evidence for a model in which the jets are relativistic but light; jets with densities much higher than the minimum inferred densities would require much larger velocities to bend.
The same host galaxy speed must also bend the plumes (e.g. Eilek et al. 1984) . Since the plumes, on average, tend to be more bent than the jets in WATs, this implies that the flow in the plumes is significantly different to the flow in the jets. It is already established that whilst WAT jets may be one-sided, WAT plumes are always two-sided (3C465 is a good example of this behaviour Hardcastle et al. 2005) . This points to the flow in the plumes being substantially slower than that in the jets, such that the jets may be beamed as discussed in this paper, but the plumes certainly will not be. This implies that the deceleration of WAT jets may be quite sudden, and is consistent with observations showing a hotspot-like feature at the jet termination point.
CONCLUSIONS
We have presented a sample of 30 WATs that we have used to obtain a representative jet speed for WAT jets. If we assume that there is no beaming, then the observed distribution can be reproduced with some (large) amount of intrinsic sidedness in the jets. However, if we assume that the observed sidedness distribution is due to beaming coupled with some sensible moderate intrinsic distribution, then we obtain a jet speed in the range (0.3−0.7)c. Whilst the sidedness analysis of the kpc-scale jets in our WAT sample alone cannot confirm these jet speeds, comparisons with the jet speeds of FRI and FRII sources suggests that moderate beaming is at least necessary. Further, if we assume that the jets are fast, then our jet bending analysis in Section 4.2, supports the hypothesis that jets in WATs are light so that they can be bent through the angles seen in sources such as 0647+693 whilst requiring reasonable galaxy speeds.
The arguments presented in Section 4.1 outline why core prominence may not be a reliable indicator of beaming in WAT sources, and this could explain why the correlation between jetsidedness and core prominence is weak in this sample of sources.
Studies of FRI and FRII radio galaxies have established the relativistic nature of the jets in these sources by examining the nature of the pc-scale jets, and it is thought that any sidedness that exists on the pc-scale will persist to the kpc-scale, if the kpc-scale jets are relativistic. By examining the pc-scale jets of WATs it could be established whether the pc-scale jets are relativistic, and if this persists in the kpc-scale jets. Some studies of the jets in WAT sources have been done (e.g. for 3C465 and 0836+290 Venturi et al. 1995 and Giovannini et al. 2001) where one-sided pc-scale jets are found that are well aligned with the kpc-jets. No proper motions are found as yet, but from these two objects, it would seem that the onesidedness persists from pc to kpc-scale. This implies that if the pcscale jet is beamed, then the kpc-scale jet must also be beamed. A larger investigation of the pc-scale jets in for example, the sample of WATs presented here, would enable us to establish whether the sidedness persists on pc and kpc-scales for all sources, or just for some. This would allow the jet speeds to be further constrained. 
